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Sun, Venkat Chandrasekhar*, Chang-Beom Eom, Mark S. Rzchowski, and Xiaoqing Pan 
 
Fabrication of heterostructures with atomically sharp interfaces and layer 
thicknesses of a few unit cells is necessary when one shrinks the size of spintronic 
heterostructures to the nano-scale, the scale relevant for future electronics applications. 
Magnetic oxide perovskites are particularly suitable for this application due to the wide 
range of electronic and magnetic properties available within the same crystal structure. 
Epitaxial perovskite multilayer heterostructures can also be grown with atomically sharp 
interfaces and nanometer-scale layer thicknesses.[1-3] However, the fabrication of 
structures from epitaxial perovskites with lateral dimensions less than a few hundred 
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nanometers has proved challenging.[4-6]  We present here a technique for the fabrication 
of sub-100 nm diameter magnetic perovskite nanodots that maintain their crystallinity, 
epitaxial structure and ferromagnetic properties after the fabrication process.   Since 
magnetic perovskites can also be combined epitaxially with ferroelectrics and high-
temperature superconductors,[7,3] this technique opens up the possibility of fabricating 
novel nanoscale multifunctional heterostructures.  
Magnetic oxide perovskites are well known due to the phenomenon of colossal 
magnetoresistance (CMR) found in these materials.[8] The 100% spin-polarization of 
half-metallic magnetic perovskites[9] and the ability to epitaxially incorporate them into 
single crystal all-oxide heterostructures[1,2] are important in spintronics applications.[10] 
Since the materials are grown at high temperature, nanostructures from them must be 
fabricated by post-growth etching. The problems inherent in this fabrication process 
include the low etch rates of the materials, damage to the crystal structure of 
nanoparticles from ion milling, and redeposition of amorphous material on the 
substrate.[5,6]  
To date, ferromagnetic perovskites have been patterned down to size scales of 300 
nm,[11] while non-magnetic perovskites have been patterned down to 100 nm size 
scales.[12,4,13,14] In this Communication we demonstrate that by using a low energy, 
neutralized ion beam for milling purposes and by precisely controlling the milling timing 
to avoid extra damage, we are able to make sub-100 nm magnetic perovskite dots with 
their high quality crystalline structure and ferromagnetism preserved. These are the 
smallest particles made from these materials.  The magnetic anisotropy of the 
ferromagnetic nanodots is similar to that of unpatterned films,[15] in accordance with 
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calculations that conclude that the nanodots are still well above the superparamagnetic 
limit at 77 K.  
The materials that we patterned into nanodots are La2/3Sr1/3MnO3 (LSMO) and 
SrRuO3 (SRO). LSMO is the most studied CMR manganite and a promising choice for 
ferromagnetic layers in magnetic tunnel junctions and other spin-injection devices since it 
has nearly 100% spin polarization and a high Curie temperature of 350 K.[9,16]  SRO is a 
metallic ferromagnet with a bulk Curie temperature of 160 K.[17] SRO is often the 
material of choice for electrodes in the perovskite heterostructures due to its relatively 
low resistivity, high chemical stability and its small lattice mismatch with SrTiO3, a 
common substrate and epitaxial base of all-oxide multilayers.[18,19]
Our nanofabrication procedure consists of the following steps. In the first step, the 
magnetic perovskite layers of SrRuO3 and La2/3Sr1/3MnO3 are grown on lattice matched 
SrTiO3 (STO) and La0.3Sr0.7Al0.65Ta0.35O3 (LSAT) substrates respectively in a pulsed 
laser deposition (PLD) system using reflection high-energy electron diffraction 
(RHEED)[20] to monitor in situ single atomic layer growth.[21] In the second step the 
magnetic perovskite film wafer is covered with a bilayer resist in which an array of 
nanometer scale holes is patterned using electron-beam lithography. The total area of a 
patterned array is as large as 5 mm2. After development, a Ti film is evaporated onto the 
sample. Subsequent lift-off removes the resist leaving an array of Ti nanodots on the 
sample. In the last step, the sample is exposed to a beam of neutralized 200 eV argon 
ions.  The Ti nanodots act as an etch mask during this process:  the magnetic perovskite is 
etched except where it is protected by the Ti, resulting in an array of magnetic perovskite 
nanodots. The thickness of the Ti film to be evaporated is determined by the relative etch 
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rates of the Ti and the magnetic perovskite substrate; these etch rates were determined 
empirically.  The ion milling time was adjusted to etch completely the Ti film.  We also 
tried other materials as etch masks, including Au, C and Ni films, e-beam resist and 
photoresist, but Ti gave the best results in terms of differential etch rate, resolution and 
adhesion to the substrate. 
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Figure 1. Atomic force microscope (AFM) image of a La2/3Sr1/3MnO3 nanodot array. a) 3D AFM image of 
a 3680 x 3680 nm2 section of the array. b) AFM profiles of three representative dots from the AFM image 
in (a). Dot diameters are ~100 nm, heights are 37 nm. 
Figure 1(a) shows an AFM image of a section of a LSMO nanodot array.  The 
starting substrate was a 30 nm LSMO layer on a LSAT substrate.  The dots are evenly 
spaced, with heights of 37 nm indicating that some of the LSAT substrate is also etched 
during the ion milling process.  Figure 1(b) shows line profiles of three randomly chosen 
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dots in the image of Fig. 1(a), demonstrating the remarkable uniformity of the dots in the 
array. From these profiles, the dot diameter at half the dot height is approximately 100 
nm.  While AFM gives correct estimates of the height, it will overestimate the lateral size 
of the dot due to convolution of the tip shape with the topographic profile.  In order to 
obtain correct estimates of the diameter of each dot, we have performed high-resolution 
cross-sectional Transmission Electron Microscopy (TEM) on some of our samples. 
Figure 2(a) shows a cross-sectional TEM image of an array of (110)o SRO[22] nanodots on 
a (001) STO substrate. AFM images of this sample gave diameters at half-maximum 
height of 110 nm, comparable to the LSMO dot array shown in Fig. 1.  Cross-sectional 
TEM gives a diameter that is approximately half this value: the diameter of the base of 
each dot is about 80 nm, with a diameter at half-maximum height of 60 nm. These are the 
smallest particles made from ferromagnetic perovskites to date. 
 
Figure 2. Cross-sectional TEM images of SrRuO3 dots on SrTiO3 substrate. a) Dot profiles. Dot material is 
SrRuO3, lower darker region is SrTiO3 substrate. b) Image of a single crystal nanodot. c) High resolution 
cross-TEM image of the interface between SrRuO3 and SrTiO3.  
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In addition to accurate estimates of the dot diameters, high-resolution TEM can also 
give information about the crystal structure of the dots.  Figure 2(b) shows a TEM image 
of one of the dots of Fig. 2(a). X-ray energy dispersive spectroscopy (EDS) 
measurements confirm that the material is indeed SrRuO3.  There is also a 2-4 nanometer 
thick amorphous layer on the surface of the dot, which we believe may be due to ion 
damage or redeposition of the sputtered material.   Figure 2(c) shows an exploded view of 
the interface between the SRO and the STO substrate.  It can be seen that the interface is 
atomically sharp and the SRO lattice epitaxially matches the STO substrate; the perfect 
lattice planes visible in this image extend throughout this dot. Thus the TEM images 
demonstrate that the fabrication of the nanodot arrays preserves the crystalline nature of 
the substrate.  
The cross-sectional TEM also gives a direct visual representation of the profile of 
each dot, something that is not possible to obtain with either AFM or scanning electron 
microscopy (SEM).  If the fabrication process were ideal, one would expect cylindrical 
pillar-shaped dots with vertical sidewalls.  The TEM images show that the profile more 
closely approximates a rounded pyramid.  The reason for this rounded profile (which we 
have observed in TEMs of a few samples) is not clear.  However, similar profiles have 
been observed in the etching of perovskite and metallic nanostructures by other groups, 
and have been attributed to the high energies of the ions used in the milling process.[5,4]
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Figure 3. Atomic (AFM) and Magnetic (MFM) Force Microscopy images of SrRuO3 nanodots at room 
temperature and 77K. The black scale bar corresponds to 150 nm. a) Topographic image at room 
temperature. b) magnetic image corresponding to (a) at room temperature showing no ordered signal since 
the sample is above the Curie temperature. c) and d) Topographic and magnetic images of the same sample 
respectively at 77 K. 
In order to investigate the magnetic properties of the nanodots, we performed 
magnetic force microscopy (MFM) measurements on the SRO nanodot arrays.  Since the 
Curie temperature of the two-dimensional SRO substrate is approximately 150 K, a low 
temperature MFM is required.  The low temperature tuning fork MFM used in these 
measurements is described in detail elsewhere.[23]  Figures 3(a) and 3(b) show 
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topographic and MFM images of part of a SRO nanodot array taken at room temperature 
with this instrument.  As expected, the MFM image shows no structure, since the SRO is 
not ferromagnetic at room temperature.  Figures 3(c) and 3(d) show corresponding 
topographic and MFM images taken at 77 K, with the sample zero field-cooled from 
room temperature. The MFM image of each dot has a clear darker and a lighter region, 
with the darker region of all the dots being towards the bottom.  This shows that each dot 
is magnetized, with the direction of magnetization along the vertical direction in the 
figure.  However, the fact that all parts of each dot are darker than the surrounding 
substrate indicates that the magnetization does not lie in the plane of the substrate.  The 
existence of a well-defined out-of-plane magnetization direction even in the nanometer 
scale dots is in agreement with the strong magnetic anisotropy observed in large SRO 
films, where the magnetization points at a 45o angle with the substrate.[15,24]  Thus, we 
note that the magnetic properties of the large area magnetic perovskite films are 
preserved in the nanodot arrays.  
Is ferromagnetism expected for the particles of this size? We calculated the 
anisotropy energy of a single nanodot in order to see if the superparamagnetic limit[25] 
was reached. Assuming an anisotropy constant K~8x106 erg/cc for SRO on STO at 5 
K[26] as a starting point and assuming each dot to have the size shown in Fig. 2(b),  we 
find that the magnetic anisotropy energy of a dot at 77 K is at least 4 orders of magnitude 
larger than the thermal energy kT. Therefore we do not expect our SRO nanodots to be 
near the superparamagnetic limit, as is confirmed by our MFM measurements. 
In conclusion, we have demonstrated a technique for the fabrication of regular 
arrays of sub-100 nm magnetic perovskite structures, the smallest structures made of 
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these materials to date. The fabrication technique described here is suitable for patterning 
multilayer all-oxide films into nanodevices in order to explore effects such as current 
driven magnetization switching,[27] tunneling magnetoresistance in magnetic tunnel 
junctions and current driven domain wall motion in magnetic wires,[28] as well as 
patterning monolayer magnetic perovskite films to study the single domain behavior of 
nanoparticles,[29] the superparamagnetic limit,[25] strain relaxation[30] and the consequent 
magnetic anisotropy change due to low dimensionality. In addition, since magnetic 
perovskites can be combined epitaxially into multilayer heterostructures with perovskite 
ferroelectrics[7] and high-temperature superconductors[3], this technique also opens up the 
possibility of fabricating heterostructures with new and as yet unexplored functionalities. 
 
Experimental   
 
Nanodot fabrication. The process of the epitaxial growth of magnetic oxide 
perovskites is described elsewhere.[21] The e-beam lithography was performed with 
MMA(6% in Ethyl Lactate)/ 950K PMMA(4 % in Anisole) resist bilayers with 
MMA/PMMA thicknesses of 150 nm and 200 nm respectively, using a JEOL JSM-840 
SEM at 35 kV with a beam current of around 100 pA. Patterned and developed samples 
were metallized in a Denton Vacuum DV-502A e-gun evaporator with a Ti deposition 
rate of approximately 1.2 Å/sec. The milling of the samples was done with a uniform 
neutralized Ar ion beam of 200 eV energy and a 16 mA beam current for various times 
on the order of 2 min.  For nanometer scale structures under these conditions, the etch 
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rate was 11 nm/min for the Ti films, 40 nm/min for the SRO films and 21 nm/min for the 
LSMO films.  Thus, to define nanostructures of 70 nm height in SRO, for example, we 
deposited a 22 nm thick Ti film to act as an etch mask.  This substrate was etched for 2 
min 24 sec under the conditions described above. 
 
Cross-TEM measurements. The heterostructure with SrRuO3 dots was glued on 
to a piece of Si single crystal to protect the dot structure during the TEM specimen 
preparation.  Thin slices of the sample were cut along the (100) plane of SrTiO3 substrate.  
Cross-sectional specimens for transmission electron microscopy (TEM) observations 
were prepared by mechanical polishing and dimpling followed by ion milling.  High 
resolution TEM studies were carried out on a JEOL3011 TEM.  The composition of the 
nano-sized dots was analyzed by X-ray energy dispersion spectroscopy (EDS). 
  
 
[1] J. O'Donnell, A. E. Andrus, S. Oh, E. V. Colla, J. N. Eckstein, "Colossal  
magnetoresistance magnetic tunnel junctions grown by molecular-beam epitaxy", 
Appl. Phys. Lett. 2000, 76, 1914.   
[2] H. Yamada, Y. Ogawa, Y. Ishii, H. Sato, M. Kawasaki, H. Akoh, Y. Tokura, 
"Engineered interface of magnetic oxides", Science 2004, 305, 646. 
[3] H.-U. Habermeier, "Critical temperatures in ferromagnetic-superconducting all-
oxide superlattices", J. of Superconductivity  2004, 17, 15. 
Submitted to Advanced Materials on 06/17/2005 
Ruzmetov et al. NU, UW-M, UM Page 12 of 15 
[4] A. Stanishevsky, S. Aggarwal, A. S. Prakash, J. Melngailis, R. Ramesh, "Focused 
ion-beam patterning of nanoscale ferroelectric capacitors", J. Vac. Sci. Technol. B 
1998, 16, 3899. 
[5] A. Cofer, P. Rajora, S. DeOrnellas, D. Keil, "Plasma etch processing of advanced 
ferroelectric devices", Integrated Ferroelectrics 1997, 16, 53. 
[6] M. Hiratani, C. Okazaki, H. Hasegawa, N. Sugii, Y. Tarutani, K. Takagi, 
"Fabrication of Pb(Zr, Ti)O3 microscopic capacitors by electron beam lithography", 
Jpn. J. Appl. Phys. 1997, 36, 5219. 
[7] S. Mathews, R. Ramesh, T. Venkatesan, J. Benedetto, "Ferroelectric field effect 
transistor based on epitaxial perovskite heterostructures", Science 1997, 276, 238. 
[8] S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh, L. H. Chen, 
"Thousandfold change in resistivity in magnetoresistive La-Ca-Mn-O films", 
Science 1994, 264, 413.   
[9] J. -H. Park, E. Vescovo, H. -J. Kim, C. Kwon, R. Ramesh, T. Venkatesan, "Direct 
evidence for a half-metallic ferromagnet", Nature 1998, 392, 794.   
[10] A. M. Haghiri-Gosnet, T. Arnal, R. Soulimane, M. Koubaa, J. P. Renard, 
"Spintronics: perspectives for the half-metallic oxides", Phys. Stat.  Sol. (a) 2004, 
201, 1392. 
[11] Y. Wu, Y. Matsushita, Y. Suzuki, "Nanoscale magnetic-domain structure in 
colossal magnetoresistance islands", Phys. Rev. B 2001, 64, 220404(R).   
[12] C. S. Ganpule, A. Stanishevsky, Q. Su, S. Aggarwal, J. Melngailis, E. Williams, R. 
Ramesh, "Scaling of ferroelectric properties in thin films", Appl. Phys. Lett. 1999, 
75, 409. 
Submitted to Advanced Materials on 06/17/2005 
Ruzmetov et al. NU, UW-M, UM Page 13 of 15 
[13] M. Alexe, C. Harnagea, W. Erfurth, D. Hesse, U. Gosele, "100-nm lateral size 
ferroelectric memory cells fabricated by electron-beam direct writing", Appl. Phys. 
A 2000, 70, 247. 
[14] S. Buhlmann, B. Dwir, J. Baborowski, P. Muralt, "Size effect in mesoscopic 
epitaxial ferroelectric structures: Increase of piezoelectric response with decreasing 
feature size", Appl. Phys. Lett. 2002, 80, 3195. 
[15] Q. Gan, R. A. Rao, C. B. Eom, L. Wu, F. Tsui, "Lattice distortion and uniaxial 
magnetic anisotropy in single domain epitaxial (110) films of SrRuO3", J. Appl. 
Phys. 1999, 85, 5297. 
[16] M. Bowen, M. Bibes, A. Barthelemy, J.-P. Contour, A. Anane, Y. Lemaitre, A. 
Fert, "Nearly total spin polarization in La2/3Sr1/3MnO3 from  tunneling 
experiments", Appl. Phys. Lett. 2003, 82, 233.  
[17] A. Kanbayasi, "Magnetic properties of SrRuO3 single crystal", J. Phys.  Soc. Jpn. 
1976, 41, 1876. 
[18] C. B. Eom, R. J. Cava, R. M. Fleming, J. M. Phillips, R. B. van Dover, J. H. 
Marshall, J. W. P. Hsu, J. J. Krajewski, W. F. Peck, "Single crystal epitaxial thin 
films of the isotropic metallic oxides Sr1-xCaxRuO3 (0≤x≤1)", Science 1992, 258, 
1766. 
[19] C. B. Eom, R. B. van Dover, J. M. Phillips, D. J. Werder, J. H. Marshall, C. H. 
Chen, R. J. Cava, R.M. Fleming, D. K. Fork, "Fabrication and properties of 
epitaxial ferroelectric heterostructures with (SrRuO3) isotropic metallic oxide  
electrodes", Appl. Phys. Lett. 1993, 63, 2570. 
Submitted to Advanced Materials on 06/17/2005 
Ruzmetov et al. NU, UW-M, UM Page 14 of 15 
[20] G. J. H. M. Rijnders, G. Koster, D. H. A. Blank, H. Rogalla, "In situ monitoring 
during pulsed laser deposition of complex oxides using reflection high energy 
electron diffraction under high oxygen pressure", Appl. Phys. Lett. 1997, 70 1888. 
[21] J. Choi, C. B. Eom, G. Rijnders, H. Rogalla, D. H. A. Blank, "Growth  mode 
transition from layer by layer to step flow during the growth of  heteroepitaxial 
SrRuO3 on (001) SrTiO3", Appl. Phys. Lett. 2001, 79, 1447.   
[22] Miller indices are based on orthorhombic lattice, see ref. 18. 
[23] Y. Seo, P. Cadden-Zimansky, V. Chandrasekhar, cond-mat/0505022. 
[24] A. F. Marshall, L. Klein, J. S. Dodge, C. H. Ahn, J. W. Reiner, L. Mieville, L. 
Antagonazza, A. Kapitulnik, T. H. Geballe, M. R. Beasley, "Lorentz transmission 
electron microscope study of ferromagnetic domain walls in SrRuO3: Statics, 
dynamics, and crystal structure correlation", J. Appl. Phys. 1999, 85, 4131. 
[25] S. A. Majetich, Y. Jin, "Magnetization directions of individual nanoparticles", 
Science 1999, 284, 470. 
[26] M. S. Rzchowski, X. Ke, C. B. Eom, "Magnetic anisotropy of epitaxial SrRuO3 thin 
films". (In preparation). 
[27] A. Fert, V. Cros, J. M. George, J. Grollier, H. Jaffres, A. Hamzic, A. Vaures, G. 
Faini, J. B. Youssef, H. Le Gall, "Magnetization reversal by injection and transfer 
of spin: experiments and theory", J. Mag. Mag.  Mat. 2004, 272, 1706.   
[28] A. Yamaguchi, T. Ono, S. Nasu, K. Miyake, K. Mibu, T. Shinjo, "Real-space 
observation of current-driven domain wall motion in submicron  magnetic wires", 
Phys. Rev. Lett. 2004, 92, 077205. 
Submitted to Advanced Materials on 06/17/2005 
Ruzmetov et al. NU, UW-M, UM Page 15 of 15 
[29] A. Yamasaki, W. Wulfhekel, R. Hertel, S. Suga, J. Kirschner, "Direct observation 
of the single-domain limit of Fe nanomagnets by spin-polarized  scanning tunneling 
spectroscopy", Phys. Rev. Lett. 2003, 91, 127201.   
[30] K. Lee, K. Kim, S.-J. Kwon, S. Baik, "Two-dimensional planar size effects in 
epitaxial PbTiO3 thin films", Appl. Phys. Lett. 2004, 85, 4711. 
 
Submitted to Advanced Materials on 06/17/2005 
